Using a combination of process rate determination, microsensor profiling and molecular techniques, we demonstrated that denitrification, and not anaerobic ammonium oxidation (anammox), is the major nitrogen loss process in biological soil crusts from Oman. Potential denitrification rates were 584 ± 101 and 58 ± 20 lmol N m À 2 h À 1 for cyanobacterial and lichen crust, respectively. Complete denitrification to N 2 was further confirmed by an 15 NO 3 À tracer experiment with intact crust pieces that proceeded at rates of 103 ± 19 and 27 ± 8 lmol N m À 2 h À 1 for cyanobacterial and lichen crust, respectively. Strikingly, N 2 O gas was emitted at very high potential rates of 387±143 and 31±6 lmol N m À 2 h À 1 from the cyanobacterial and lichen crust, respectively, with N 2 O accounting for 53-66% of the total emission of nitrogenous gases. Microsensor measurements revealed that N 2 O was produced in the anoxic layer and thus apparently originated from incomplete denitrification. Using quantitative PCR, denitrification genes were detected in both the crusts and were expressed either in comparable (nirS) or slightly higher (narG) numbers in the cyanobacterial crusts. Although 99% of the nirS sequences in the cyanobacterial crust were affiliated to an uncultured denitrifying bacterium, 94% of these sequences were most closely affiliated to Paracoccus denitrificans in the lichen crust. Sequences of nosZ gene formed a distinct cluster that did not branch with known denitrifying bacteria. Our results demonstrate that nitrogen loss via denitrification is a dominant process in crusts from Oman, which leads to N 2 O gas emission and potentially reduces desert soil fertility.
Introduction
The availability of nitrogen is one of the major constraints to biological activities in arid ecosystems (Muyi and Caldwell, 1997; Garbauer and Ehleringer, 2000) , and thus estimates of the inputs and outputs of nitrogen in deserts is essential to the understanding and future predictions of ecosystem functioning therein. Biological soil crusts (referred to as crusts hereafter), typically covering surface desert soils, greatly influence the nitrogen cycle of arid and semiarid ecosystems (Belnap, 2001) . The conversion of atmospheric N 2 into ammonium (NH 4 þ ) by crustal diazotrophic cyanobacteria, lichens and heterotrophic bacteria is the dominant source of nitrogen in desert ecosystems (Belnap, 2002; Billings et al., 2003; Yeager et al., 2004; Veluci et al., 2006; Abed et al., 2010) , particularly where rainfall and anthropogenic nitrogen inputs are minimal. Although much progress in nitrogen cycling research in crusts has so far been made with respect to nitrogen inputs via nitrogen fixation, nitrogen loss processes have received much less attention. Nitrogen is lost as gaseous products (that is, N 2 , N 2 O and NO) through the stepwise reduction of nitrate by denitrification (NO 3 À -NO 2 À -NO-N 2 O-N 2 ), the combination of ammonium and nitrite by anammox (NH 4 þ þ NO 2 À -N 2 ), nitrifier-denitrification by ammonia-oxidizers under oxygen stress or, to a lesser extent, as a byproduct during aerobic ammonia oxidation (Ritchie and Nicholas, 1972; Poth, 1986; Wrage, et al., 2001; Schmidt et al., 2004; McNeill and Unkovich, 2007; Santoro et al., 2011) . Denitrification and anammox have been recognized as the major nitrogen loss mechanisms in many environments, including freshwater, marine as well as terrestrial ecosystems (Seitzinger, 1988; Peterjohn and Schlesinger, 1991; Kuypers et al., 2003 Kuypers et al., , 2005 Ward et al., 2009; Humbert et al., 2010; Lam and Kuypers, 2011) , but their potential occurrence and significance in crusts remains poorly understood. Although crusts have been shown to emit N 2 O and NO with amounts dependent on season and N 2 -fixation rates (Barger et al., 2005; Crenshaw et al., 2008) , it was not clear which process was responsible for the production of these gases. Rate measurements were performed on crusts from Colorado Plateau, Mojave, Sonoran and Chihuahuan deserts in the United States, and all of them displayed extremely low rates of denitrification and anammox, while ammonia oxidation rates in these crusts were comparable with N 2 -fixation rates (Johnson et al., 2005 (Johnson et al., , 2007 Strauss and Day, 2012) . Subsequent nitrogen budget calculations suggested that these crusts act as a net nitrogen source. It is not known if such perceived imbalance is widespread among desert ecosystems in other parts of the globe, and this has prompted our current study.
With deserts covering approximately one-third of the Earth's land surface (ca. 44 million km 2 ), the subtropical Arabian Desert covers almost the entire Arabian Peninsula and is considered as the fourth largest desert (ca. 2.3 million km 2 ) in the world (Allan and Warren, 1993) . Nevertheless, crusts covering the surface soils of these deserts remain understudied. With respect to nitrogen cycle, crusts from Oman were recently shown to fix nitrogen at rates (39.4±13.4-58.5±2.6 mmol C 2 H 2 m À 2 h À 1 as determined by acetylene reduction assay) comparable with those measured in other desert ecosystems (Abed et al., 2010) . However, no information is available on other nitrogen transformation processes, despite their apparent paramount importance in regulating nitrogen balance within these systems. A primary unique characteristic of arid and semiarid desert ecosystems is the episodic nature of water availability, which has significant consequences for carbon and nitrogen cycling. Biological processes (such as respiration, photosynthesis and nitrogen fixation) become active within seconds to a few hours after wetting (Isichei, 1980; Belnap, 1995; Garcia-Pichel and Belnap, 1996; Gao et al., 1998; Qiu and Gao, 1999; Issa et al., 2001; Austin et al., 2004; Qiu et al., 2004) . As a consequence of the high respiration activities, oxygen becomes limiting very rapidly, resulting in the formation of anoxic microsites (Garcia-Pichel and Belnap, 1996) and thereby conditions suitable for anaerobic processes. Indeed, a recent study demonstrated the occurrence of the strictly anaerobic methanogenesis process in crusts from the Negev Desert, even when incubated under natural oxic conditions (Angel et al., 2011) . Similarly, such anoxic conditions would be conducive to denitrification and anammox, which we hypothesize to be the key nitrogen loss processes in crusts that become active after precipitation events, taking advantage of the developed anoxic conditions and the readily available organic matter produced by photosynthesis.
To test this hypothesis, we measured denitrification and anammox rates under completely anoxic conditions, as well as in intact crusts for denitrification only, in two types of crusts-cyanobacteria-and lichen-dominated-from the desert of Oman. These rates were determined by using the acetylene inhibition technique and 15 N-labeling experiments. Microsensor measurements were also made to locate denitrification activity and the concomitant N 2 O emission in intact pieces of crusts with and without acetylene addition. Potential rates of ammonium oxidation were measured to reveal the contribution of nitrification to the nitrate pool in the crusts and to the production of N 2 O gas. A suite of key functional genes in nitrogen cycling were quantified at both gene abundance and expression levels by using quantitative PCR (qPCR) and reverse transcription qPCR (RT-qPCR), whereas the diversity of selected biomarker genes were further analyzed.
Materials and methods

Samples origin and site description
The topmost 1-2 cm of cyanobacteria-(free of symbiotic fungi) and lichen-(composite organisms consisting of a symbiotic relationship between a fungus and a photosynthetic partner, usually either cyanobacteria or microalgae)-dominated crusts, were collected from Wadi Al-Khoud, northern Oman (23104.595 0 N, 58109.055 0 E). The site is surrounded by low limestone hills and the surface is covered with small-to medium-sized gravels. Rainfall occurs in the area between 2 and 5 times a year, with a mean annual rainfall of ca. 86.2 mm from November to April. Temperature ranges between 47 and 50 1C in the summer and as low as 12 1C in the winter. Both cyanobacteria-and lichendominated crusts contained more sand (49-50.7%) than silt and clay (Table 1 ). The pH of the two crust types ranged between 7.25 and 7.45, indicating a slight alkalinity of the crusts, and the cyanobacterial crusts had a significantly lower electrical 
Determination of denitrification rates
Two types of rate measurements were made in order:
(1) to assess the maximum potential of nitrogenous gas production by denitrification under ideal conditions (hereafter referred to as potential rates), and (2) to estimate the rate of complete denitrification to N 2 in intact crusts. Potential denitrification rates (that is, the maximum rates under fully anoxic conditions without limitation by nitrate availability and diffusive solute transport) were measured in slurry incubations of crusts by using the acetylene inhibition technique (Sørensen, 1978) . The addition of acetylene inhibits the last step of denitrification (that is, the conversion of N 2 O to N 2 ) and thus results in the accumulation of N 2 O. Crust samples (2-3 g each) were incubated in 110-ml glass bottles filled with 30 ml sterile anoxic distilled H 2 O (bubbled with helium gas for 15 min) amended with 25 mM NO 3 -, thus leaving a headspace volume of 80 ml. Each bottle was wrapped with an aluminum foil, to prevent O 2 production by photosynthesis, and sealed gas-tight with a rubber stopper, through which it was purged with N 2 gas for around 10 min. Also, 10% of the headspace volume was replaced by acetylene, and the bottles were shaken on a plate shaker at 150 r.p.m. Gas samples (1 ml each) were drawn from the headspace using a gastight syringe at different time intervals (that is, 5 min, 2, 4, 6 and 8 h) and injected into gas-tight sample vials (3 ml exetainers, Labco, Ceredigion, Wales, UK) pre-flushed with N 2 . N 2 O concentrations in the exetainers were then measured on a gas chromatograph equipped with a 63 Ni electroncapture detector (GC 7890; Agilent Technologies, Boeblingen, Germany). The linear increase in N 2 O concentration observed between 4 and 8 h of incubation was used to calculate the denitrification rate per cm 2 of crust. The weight of crusts was converted to area unit by using a factor that was obtained after weighing 20 crust pieces of 1 cm 2 surface area each. An equivalent series of crust pieces was incubated without the addition of acetylene to quantify the potential rate of N 2 O emission. All incubations were run in six replicates. Additional incubations without nitrate and with autoclaved crust pieces served as negative controls.
Denitrification rates were determined in intact crust pieces with vertical oxygen concentration gradients maintained by photosynthesis and respiration and with solute transport governed by diffusion, thus more likely resembling natural conditions. Crust pieces (3-4 g each) were incubated with 25 mM 15 NO 3 À in an experimental setup similar to the one described above with few modifications. At the beginning of the experiment, the headspace of the bottles was adjusted to 80% helium (He) and 20% oxygen (O 2 ) to allow O 2 gradients to develop in the crust pieces. The bottles were incubated at 26 1C, in the light without shaking. Gas samples (3 ml each) were drawn from the headspace at different time intervals and injected into 6-ml exetainers that were completely filled with He-saturated dH 2 O. After injection of the gas sample into the exetainer, 100 ml 50% zinc chloride (ZnCl 2 ) was added to stop biological activity. All incubations were run in triplicates and autoclaved crust pieces served as negative controls. (Nielsen, 1992) . Accordingly, the 29 N 2 time-series data were of much better quality than the 30 N 2 time-series data and consequently were used to calculate the production rate of 28 N 2 þ 29 N 2 þ 30 N 2 (R N2tot ) from the production rate of 29 N 2 (R 29N2 ) as follows (Nielsen, 1992) :
This calculation method was justified because anammox rates were not detectable (see Results) and therefore 29 N 2 production exclusively originated from denitrification. R 29N2 was derived from the linear increase in 29 N 2 concentration observed between 4 and 8 h of incubation, and R N2tot was then expressed per cm 2 of crust. F 15 (NO 3 À ) was determined from the size of the initial nitrate pool in the dry crust, which was measured after suspending an additional series of pre-weighed crust pieces in 3 ml MilliQ dH 2 O, immediately followed by centrifugation at 1500 g for 10 min and analysis of NO x À in the supernatant with the VCl 3 reduction assay (Braman and Hendrix, 1989 ) on a NO x analyzer (CLD 86; EcoPhysics, Munich, Germany). Additionally, the intracellular NO 3 À pool present in the dry crusts was quantified by subjecting freshly wetted crust pieces to three freeze-thaw cycles ( À 180 1C vs þ 90 1C) to make vacuolated cells burst and release their cellular contents into the medium (Kamp et al., 2011) .
Determination of anammox rates
To check for the occurrence of anaerobic ammonium oxidation (anammox), crust samples were incubated in 30 ml sterile MilliQ dH 2 O amended with 25 mM 15 NH 4 Cl and 25 mM Na 14 NO 2 À in 110-ml glass bottles. The bottles were flushed with He for 10 min to create completely anoxic conditions, wrapped with aluminum foil to prevent O 2 production by photosynthesis and incubated at 26 1C on a plate shaker (100 r.p.m.). Gas samples (2.5 ml each) from the headspace were collected at different time intervals and transferred into 6-ml exetainers filled completely with He-saturated water. After injection of the gas sample into the exetainer, 100 ml 50% ZnCl 2 was added to stop any biological activity. The excess concentration of 29 N 2 in the headspace was determined from the 29 N 2 : 28 N 2 ratio by GC-IRMS. All incubations were run in triplicates and autoclaved crust pieces served as negative controls. To determine F 15 (NH 4 þ ), the size of the initial NH 4 þ pool in the dry crusts was measured in the same supernatants as used for background nitrate measurements as previously described (Kempers and Kok, 1989) . F 15 (NH 4 þ ) was 65% and 64% in the cyanobacterial and lichen crust incubations, respectively.
Potential ammonia oxidation rates
Potential rates of ammonia oxidation, the first step in nitrification, in crusts were measured as previously described (Stief and de Beer, 2006) , to allow budget calculations of N input and output processes. Briefly, pre-weighed crust pieces (2-3 g each) were slurried in 30 ml sterile MilliQ dH 2 O in 110-ml glass bottles. For the measurement of ammonia oxidation, the medium contained 25 mM ammonium sulfate ((NH 4 ) 2 SO 4 ) and 20 mM sodium chlorate (NaClO 3 ) that inhibits nitrite oxidation (that is, the second step of nitrification (Belser and Mays, 1980) ). The rate of ammonium oxidation can then be inferred from the linear increase in nitrite (NO 2 À ) concentration during the incubation. This assumes that NH 4 þ is quantitatively converted to NO 2 À rather than N 2 O, which was justified here because our microsensor measurements confirmed the absence N 2 O production in the oxic layer of the crusts. All bottles were placed on a multiple stirrer and stirred gently at 100 r.p.m. throughout the incubation. To ensure non-limiting O 2 availability, the medium was purged with air using a glass pipette connected to an air pump. Subsamples of the slurry (2 ml each) were collected after 5 min, 2, 4, 6 and 8 h and were immediately frozen at À 20 1C until analyzed. At the end of the experiment, all samples were thawed and centrifuged at 5000 r.p.m. for 10 min to remove soil particles. In the particle-free water samples, NO 2 À was analyzed using the sodium iodide (NaI) reduction assay (Yang et al., 1997 ) on a NO x analyzer (CLD 86; Eco-Physics). All incubations were run in triplicates at 26 1C, and autoclaved crust pieces served as negative controls.
Microsensor measurements
Crust pieces were immobilized in petri dishes using modeling clay and then wetted by the addition of sterile MilliQ dH 2 O. Oxygen and N 2 O microprofiling was started immediately after wetting. Oxygen profiles were measured in the light and in the dark, while N 2 O profiles were measured in the light only. The profiles were measured at 100 mm steps using Clark-type sensors with an internal reference and a guard cathode (Revsbech, 1989; Andersen et al., 2001) . The O 2 sensor was calibrated at a temperature of 26 1C by taking the readings in the anoxic layer of a piece of crust and in the fully aerated MilliQ dH 2 O (Revsbech, 1989) . The N 2 O sensor was calibrated by taking several readings after the addition of aliquots of an N 2 O-saturated stock solution to 100 ml MilliQ dH 2 O, thereby covering a concentration range of 0-112 mM N 2 O. Microprofiles were measured using an automated setup controlled by a computer (Polerecky et al., 2007) . Microsensor positioning with 1 mm precision was facilitated by a VT-80 linear positioner (Micros, Eschbach, Germany) equipped with a DC motor (Faulhaber, Schoenaich, Germany). The microsensors were connected to fast-responding picoamperemeters and the signals were collected using a data acquisition device (DAQPAD-6015, National Instruments, Munich, Germany). Areal rates or fluxes of O 2 and N 2 O production were calculated from the linear concentration gradients that developed in the crust pieces using the Fick's law of diffusion. The diffusion coefficients of O 2 (2.49 Â 10 À 9 m 2 s À 1 ) and N 2 O (2.40 Â 10 À 9 m 2 s À 1 ) at 26 1C in water were converted to effective diffusivities in the crusts using a porosity value of 0.6 according to Ullman and Aller (1982) . qPCR and expression of functional genes Cyanobacterial and lichen crust samples were subjected to DNA extraction using the PowerBiofilm DNA isolation kit (MOBIO laboratories, Inc., Carlsbad, CA, USA) according to the manufacturer's instructions. qPCR was performed to target key functional genes in the first two steps in denitrification: nitrate reduction (narG and napA encoding membrane-bound and periplasmic nitrate reductases, respectively) and nitrite reduction (nirS encoding cytochrome cd 1 -containting nitrite reductase); as well as that for both archaeal and bacterial ammonia oxidation (amoA encoding the ammonia monooxygenase subunit A) using previously described primers (Table 3 ) and protocols (Lam et al., 2009) . All qPCR reactions were run on an iCycler iQ Real-Time PCR Detection System equipped with iQ5 software (Bio-Rad, Munich, Germany) and with the PowerSYBR Green PCR Master Mix (Applied Biosystems, Darmstadt, Germany). The copy number of the genes was calculated after correcting for the concentration and dilution factors and are presented as copy number per g of crust (Table 3) .
The expression of narG and nirS was additionally followed in both the crust types after 5 min, 2, 4, 6 and 8 h of wetting with sterile water. The wet pieces were incubated in plastic petri dishes at 26 1C under light. The mRNA was first extracted from the crust samples using the PowerBiofilm RNA isolation kit (MOBIO laboratories, Inc.) according to the manufacturer's instructions. RNA was reverse-transcribed using Superscript III First-Strand Synthesis Master Mix (Invitrogen, Darmstadt, Germany) with narG and nirS-specific antisense primers. The cDNA was then treated with RNaseH (Ambion, Darmstadt, Germany, Applied Biosystems) at 37 1C for 20 min, immediately kept on ice for 1 min and then diluted 2.5 times with nuclease-free water. Subsequent qPCRs were performed with the obtained cDNA as described above. DNA contamination in RNA extracts were also checked and ruled out by performing parallel qPCRs directly with the RNA extracts.
Pyrosequencing of nirS and nosZ
Purified DNA extracts from both the cyanobacterial and lichen crusts were submitted to the Research and Testing Laboratory (RTL; Lubbock, TX, USA) for tag-pyrosequencing of amplified gene fragments of nirS, along with nosZ (nitrous oxide reductase encoding gene) which is a biomarker gene for the last step of denitrification. Tag-encoded FLX amplicon pyrosequencing (bTEFAP) was performed as described before (Dowd et al., 2008a,b) using the GS FLX titanium sequencing kit XLR70, Roche Applied Science (Indianapolis, IN, USA). One-step PCR was conducted with a mixture of hot-start and hot-start high-fidelity Taq polymerases along with primers specific for either nirS or nosZ. The bTEFAP sequencing was performed according to the RTL protocols (www.researchandtesting.com). Obtained sequences were trimmed, low-quality ends and tags were removed and were checked for chimeras using custom software (Dowd et al., 2008b) and the Black Box Chimera Check software B2C2 (http:// www.researchandtesting.com/B2C2.html). Sequences shorter than 250 bp were excluded from further analysis. The program MUSCLE was used for unstructured multiple sequence alignment using non-default parameters -maxiters 2, -diags, which were shown to minimize alignment expansion in short hypervariable tags (Edgar, 2004) . High-quality reads were then clustered based on X95% sequence identity into operational taxonomic units (OTUs) by using the Mothur software (Schloss et al., 2009) . Due to the large number of sequences, Mothur was used to create a set of unique sequences, representative of each OTU (at 5% cutoff) via the getotu.rep command. These sequences were searched against public databases with BLAST (Altschul et al., 1997) to verify their affiliation with the respective genes, and detailed sequence analyses were conducted with the ARB software package (Ludwig et al., 2004) . Based on amino acids translated from nirS and nosZ genes, these sequences were aligned to our own databases that consist of all publicly available sequences for both the genes as of July 2012 (except for a few environmental Metagenomes). Sequences that were of low quality and could not be aligned properly were omitted. Phylogenetic affiliations of the crust sequences were determined via maximum parsimony with the quick-add search function in ARB against a consensus tree that has been constructed with all sequences in the database based on maximum likelihood, parsimony and distance matrix algorithms. For clarity reasons, only the crust sequences along with their immediate relatives are shown here in this paper.
Results
Denitrification and anammox rates
The maximum potential of nitrogenous gas production by denitrification was measured from anoxic slurry incubations with acetylene inhibition technique, while complete denitrification to N 2 under more natural conditions was assessed by 15 N-tracer experiments with intact crust pieces. The potential rate measurements showed that denitrification started in both the cyanobacteria-and lichendominated crusts within the first 2 h of incubation under wet and anaerobic conditions (Figure 1a ). The accumulation of N 2 O in the incubation bottles, indicative of denitrification activity in the crusts, accelerated with time, until nearly linear increases were observed between 4 and 8 h of incubation. Although the temporal dynamics were identical for either crust type, the potential denitrification activity was considerably higher in the cyanobacterial crust than in the lichen crust ( Figure 1a , Table 2 ). The potential rates of total denitrification (that is, including the production of both N 2 and N 2 O) calculated for the 4-8-h time interval were 584±101 and 58±20 mmol N m À 2 h À 1 for cyanobacterial and lichen crusts, respectively (Table 2) . Spontaneous N 2 O emission from the crusts (that is, N 2 O emission in the absence of acetylene inhibition) was substantial in either crust type (Figure 1b) . N 2 O emission showed the same temporal dynamics as potential denitrification and reached a rate of 387±143 mmol N m À 2 h À 1 in the cyanobacterial crust, but was only 31 ± 6 mmol N m À 2 h À 1 in the lichen crust during the 4-8-h time interval (Table 2) . Consequently, the relative share of N 2 O emission from the total emission of nitrogenous gases was as high as 66% and 53% for the cyanobacterial and lichen crust, respectively. In the killed controls, neither denitrification activity nor N 2 O emission was observed (Figures 1a and b) .
The rate measurements with 15 NO 3 À added as a tracer in intact crusts confirmed the occurrence of complete denitrification to N 2 (Figure 2 ). The accumulation of N 2 in the incubation bottles (as derived from the accumulation of 29 N 2 , see Materials and methods) followed the same temporal dynamics as observed for the potential rate measurements of denitrification and N 2 O emission but reached lower concentrations (Figures 1 and 2) . Measurement of the background 14 NO 3 À concentrations at the beginning of the incubation ( Table 1 ) unexpectedly revealed that the mole fraction of 15 NO 3 À was as low as 20-26%. Rates of denitrification in intact crusts corrected for these mole fractions were 103 ± 19 and 27±8 mmol N m À 2 h À 1 for the cyanobacterial and lichen crust, respectively, during the 4-8-h time interval (Table 2 ). In the killed controls, denitrification activity was not observed (Figure 2) .
The anammox process was not detectable in either crust type using 15 NH 4 þ incubations at mole fractions of 64-65%, as the production of 29 N 2 was not significantly different from zero for both the living and killed crusts (data not shown).
Ammonia oxidation rates
Measurements of the potential rate of ammonia oxidation showed an immediate recovery in both the crust types after the addition of water and ammonium (Figure 3 ). The concentration of NO 2 À increased continuously over time and corresponded to ammonia oxidation rates of 15±2 and 11±5 mmol N m À 2 h À 1 in the cyanobacterial and lichen crusts, respectively ( Table 2 ). The killed controls did not produce NO 2 À (Figure 3 ).
Microsensor profiles
Microsensor measurements revealed O 2 penetration depths of up to 2 mm in the light in both the crust types, below which the crusts were anoxic (Figure 4a for the cyanobacterial and lichen crusts, respectively. N 2 O profiles from a time-series experiment with cyanobacterial crust pieces revealed a slow increase in N 2 O concentrations in the first 40 min after addition of water to the crust, followed by a faster progressive increase (Figure 4b) . Approximately 3-4 h after wetting, the N 2 O concentrations reached a maximum, after which it decreased (Figure 4c) . At a depth of ca. 3-4 mm, an N 2 O concentration peak was observed and thus clearly in the anoxic layer of the crust (Figure 4b) . The maximum N 2 O concentration in the crust was as high as 25 mmol l À 1 . The maximum flux of N 2 O out of the crust, calculated from the linear concentration gradient in the 1.6-2.4-mm depth interval, was 57.2 mmol N 2 O-N m À 2 h À 1 (Table 2 ). The decrease in N 2 O concentrations was faster than their increase and this transient increase followed by a decrease was observed in several incubations (Figures 4a and b) . In acetylenetreated crust pieces, a maximum N 2 O concentration of 74.3 mmol l that the layer of N 2 O production was located at a depth of at least 4-5 mm and thus again clearly in the anoxic layer of the crust (Figure 4d ). The maximum flux of N 2 O, indicating the total flux of gaseous denitrification products, was 153 mmol N 2 O-N m À 2 h À 1 in the 3-4 mm depth interval ( Table 2 ). The maximum flux of N 2 O out of the crust was 74.3 mmol N 2 O-N m À 2 h À 1 , as calculated from the linear concentration gradient in the 1.6-2.4-mm depth interval (Table 2) .
The relative contribution of N 2 O emission to the total emission of nitrogenous gases was ca. 65% for N 2 O profiles measured in both the treatments after comparable incubation times (that is, without acetylene: 159 min, with acetylene: 134 min) and calculated for the same depth interval (that is, 1.6-2.4 mm).
Abundance and diversity of functional genes
The functional genes narG, napA and nirS, key to nitrate-reducing and denitrifying bacteria, as well as amoA genes for ammonia-oxidizing bacteria and archaea were detectable in both the cyanobacterial and lichen crusts (Table 3) . At the DNA level, the Figure 3 Potential ammonia oxidation activity, measured as NO 2 À production over time, in slurry incubations of cyanobacterial and lichen crusts amended with 25 mM ammonium sulfate ((NH 4 ) 2 SO 4 ) and 20 mM sodium chlorate (NaClO 3 ). All incubations were run in triplicates, and autoclaved crust pieces served as negative controls. copy numbers of the genes narG and nirS were one order of magnitude higher in the lichen crust (Table 3 ). The gene napA exhibited comparable estimates in both the crusts. Although the amoA genes of Beta-and Gammaproteobacteria were higher in the lichen crust than in the cyanobacterial crust, the opposite was observed for archaeal amoA (Table 3) .
At the mRNA level, narG and nirS were expressed at detectable levels after wetting, as detected by RT-qPCR ( Figure 5 ). The cyanobacterial crust displayed slightly higher transcript number of narG than the lichen crust, whereas the numbers of nirS transcripts were comparable in both the crust types. The narG expression increased with time in cyanobacterial crust, reaching its maximum after 6 h, whereas in lichen crust it increased after 2 h but remained more or less unchanged. The expression of nirS gene showed a general increase with time in both the crust types and reached similar transcript level after 8 h of incubation, although a maximum of 1.49 ± 0.5 Â 10 4 transcripts (g crust) À 1 was reached in 2 h in the lichen crust ( Figure 5) .
A total of 13 645 and 19 361 sequences of nirS and nosZ, respectively, were generated after discarding low-quality reads. The numbers of nirS and nosZ sequences were 1178 and 5717 in the cyanobacterial crust and 12 467 and 13 644 in the lichen crust, respectively ( Figure 6 ). The number of OTUs detected in the cyanobacterial crust was relatively lower than in the lichen crust, which could be due to the variation in sequencing depth. The sequences of nirS genes in the cyanobacterial crusts were assigned to four OTUs based on a 5% nucleic acids sequence identity cutoff, and 99% of these sequences (three OTUs) were phylogenetically affiliated to an uncultured denitrifying bacterium from river sediments (HQ882515), with 61-68% sequence similarity (Figure 6a) . The remaining OTU, along with 94% of the nirS sequences of the lichen crust, was most closely affiliated to the known denitrifying bacterium Paracoccus denitrificans, sharing a maximum sequence similarity of 70% (Figure 6a ). These sequences represented 59 out of a total of 118 OTUs found in the lichen crust. Other nirS sequences in the lichen crust were affiliated to environmental sequences of uncultured denitrifiers, except for one OTU that represented 1.5% of the total sequences and was related to the nirS gene of Azospirillum (94% similarity). Sequences of the nosZ gene from both the crusts belonged to a total of 574 OTUs and all of them clustered together (Figure 6b ). The closest relative to this cluster was a nosZ sequence belonging to Marinobacter hydrocarbonoclasticus, with sequence similarity p66%.
Discussion
We demonstrated that denitrification, and not anammox, is the major nitrogen loss process in crusts from Oman and that N 2 O gas is emitted during incomplete denitrification. Denitrification rates in crusts from Oman are comparable to those measured in strongly denitrifying freshwater and marine ecosystems (see Table 1 in (Seitzinger, 1988) and references therein), but they were orders of magnitude higher than those reported from other desert crusts (Johnson et al., 2007) . Although in our study, the potential denitrification rates of lichen and cyanobacterial crusts, converted to units that match those used in other studies, were equivalent to 805 and 8181 mg N m À 2 h À 1 , respectively, other authors measured o0.3 mg N m À 2 h À 1 in all the crust types from Colorado Plateau, Sonoran, Chihuahuan and Mojave deserts (Johnson et al., 2007; Strauss and Day, 2012) and 246 mg N m À 2 h À 1 in crusts from Great Basin Desert (Burns, 1983 ). The denitrification rates in Omani crusts were still even higher than those measured in non-crusted desert soils from Sonoran Desert (1160 mg N m À 2 h À 1 ) and Chihuahuan Desert (315 mg N m À 2 h À 1 ; Virginia et al., 1982; Peterjohn and Schlesinger, 1991) . When comparing the potential dentrification rates in the Omani crusts to those reported in other studies, it should be noted that there were differences in the incubation conditions. Although our rates were determined in NO 3 À amended slurries for the time interval 4-8 h, N 2 O production in Sonoran Desert soils was measured in situ after the addition of distilled water (Virginia et al., 1982) , and the measurements in Colorado Plateau, Sonoran, Chihuahuan and Mojave deserts were performed after 4 h of incubation (Johnson et al., 2007; Strauss and Day, 2012) . Slurry incubations typically result in higher rates than incubations under diffusive conditions. This explains the higher potential denitrification rates in the studied crusts compared with the rates calculated from microsensor measurments and from 15 NO 3 incubations. On the other hand, the acetylene inhibition technique used here may underestimate the potential denitrification rates because the acetylene block is alleviated at high sulfide concentrations and acetylene inhibits nitrification (Jones and Knowles, 1992; Sloth et al., 1992) . However, in the studied crusts, sulfide could not be measured and NO 3 was present in excess and hence denitrification did not depend on NO 3 supplied by nitrification. Incubation experiments, microsensor measurements and gene expression analyses consistently showed that denitrification was activated in both the crust types within 2-4 h after wetting but recovered slightly faster in the cyanobacterial crust. Previous studies, including measurements on the crusts from Oman, showed that other microbial processes also recover rapidly after wetting, with respiration starting immediately within seconds and photosynthesis within minutes to few hours, followed by nitrogen fixation within 2-6 h (Isichei, 1980; Scherer et al., 1984; Issa et al., 2001; Abed et al., 2010) . The quick recovery of these processes creates an internal microenvironment suitable for denitrification, including the anoxia generated in deeper crust horizons by intense respiration, the release of photosynthetic organic exudates and the continuous supply of nitrate by nitrifying microorganisms (Garcia-Pichel and Belnap, 1996; Johnson et al., 2007) . These are also consistent with the slight initial (B2 h) time lag in the observed N 2 production ( Figure 2 ). The O 2 microprofiles in the crusts clearly showed the development of anoxia at depths of 0.5 mm (in the dark) and 2-3 mm (in the light), below which denitrification activity and the concomitant production of N 2 O could be inferred from N 2 O microprofiles. The higher denitrification rates measured in slurries and in intact cyanobacterial crusts compared with lichen crusts (Table 2) might be explained by the faster recovery of microbial processes in the cyanobacterial crust. This is reflected in the O 2 profiles, where maximum net O 2 production was reached after 2 and 3.5 h of wetting in the cyanobacterial and lichen crusts, respectively. Additionally, the somewhat higher NO 3 À content in the cyanobacterial crust may have enhanced the denitrification activity.
Nitrogen budget: sources and sinks of nitrate Although the low rates of nitrogen loss processes detected in crusts from Colorado Plateau, Mojave, Sonoran and Chihuahuan deserts (Johnson et al., 2007; Strauss and Day, 2012) seemed to indicate net nitrogen gains in these crust systems, the detected nitrogen losses in the Omani crusts well exceeded nitrogen gains instead. Nitrogen-fixation rates previously measured using acetylene reduction assay in our crusts (that is, 183-258 mg N m À 2 h À 1 , Abed et al., 2010) were comparable with the potential rates of ammonia oxidation (157-208 mg N m À 2 h À 1 ) measured in this study. Thus, nitrification obviously does not represent a bottle-neck between N 2 fixation and denitrification. However, both the potential dentrification rates and rates measured in intact crusts were at least 2-10 times higher than the N 2 -fixation and ammonia oxidation rates. This observation implies either that there were external inputs of nitrate fueling denitrification or that there is indeed a net nitrogen loss occurring in the crusts at the instant of sampling, as previously observed in many river, lake and coastal marine ecosystems (Seitzinger, 1988) . When the potential rates of denitrification and nitrification in our crusts are compared, it becomes evident that the nitrate supplied by nitrifying bacteria only constitutes a minor fraction of the nitrate reduced by denitrification. Previously, a temporal decoupling of nitrate inputs and losses has been identified, where most of the nitrogen was fixed during precipitation events in winter and fall and is lost through volatilization during summer (Belnap, 2001) . However, in hot deserts such as the Omani desert, N inputs and losses are likely to occur simultaneously but with much greater N losses through denitrification and volatilization. As a result, only a very little amount of the newly fixed N will be available for plants and microbial biomass. Besides nitrification, anthropogenic inputs and aeolian deposition combined with limited hydrological export might lead to accumulation of NO 3 À inside the crusts (Peterjohn and Schlesinger, 1991; Belnap, 2001) . In fact, the initial content of readily available NO 3 À in the crusts used here was substantial (Table 1 ) and exceeded the experimentally added NO 3 À by factors of 3.9-4.7. This in-situ, accumulated NO 3 À alone would sustain denitrification activity at the rates observed here for about 5.3 and 42 h in the cyanobacterial and lichen crusts, respectively. Additionally, the two crust types harbored substantial amounts of intracellularly stored NO 3 À (Table 1 ). This intracellular NO 3 À might sustain denitrification activity for additional 1.5 and 10 h in the cyanobacterial and lichen crust, respectively. It can thus be expected that under in situ conditions, the rates of denitrification will decrease within 1-2 days after wetting to levels sustained by NO 3 À production through nitrification, unless NO 3 À is also externally supplied. The validity of these considerations can be tested by studying the seasonal variations of crustal NO 3 À accumulation and denitrification rates under in situ conditions. Simultaneous rate measurements of all concurrent N-cycling processes by 15 N-labeling experiments would also allow a better comparability among N-fluxes and thus more comprehensive nitrogen budgeting (Holtappels et al., 2011) . N 2 O emission from crusts Both the incubation experiments and the direct microsensor measurements demonstrated that the wet crusts from Oman are a significant source of N 2 O. In soils and sediments, N 2 O can be produced by both nitrification and denitrification (Meyer et al., 2008) . However, our experiments suggest that in the two crust types, N 2 O was entirely produced from incomplete denitrification, as the microsensor profiles clearly showed that N 2 O was exclusively produced in the anoxic zones of the crusts. N 2 O concentrations gradually increased but then decreased, as inferred from N 2 O profiles, which may suggest a delayed induction in the expression of nosZ gene, encoding for the last step of denitrification. Potential rate and microsensor measurements with and without acetylene inhibition showed that N 2 O gas made up to 54-66% of the total produced gases during denitrification in cyanobacterial and lichen crusts, respectively. Measuring the same N 2 O yields in both the experimental settings corroborates the validity of our potential rate measurements. The contribution of N 2 O gas to the total produced nitrogenous gases corresponds to extremely high N 2 O yields by denitrification, which in other ecosystems are in the order of p1% (Seitzinger, 1988; Bange, 2008) . It has previously been suggested that most of the N 2 O produced in semiarid soils is contributed by fungi (Crenshaw et al., 2008) , because they lack the enzyme nitrous oxide reductase (Zhou et al., 2001) . However, we measured 13 times higher rates of N 2 O emission in the cyanobacterial than in the lichen crusts, suggesting a minimal role of the symbiotic fungi in this process. The potential rate of N 2 O emission in the cyanobacterial crust was as high as 387 mmol m À 2 h À 1 , whereas the N 2 O flux derived from the microsensor profiles was only 52-57 mmol m À 2 h À 1 . This difference in rates can be attributed to the generally higher reaction rates in slurry incubations compared with incubations in which the vertical stratification remains intact and solute transport is diffusion-limited. Regardless of the technique used, the measured N 2 O emission rates were still higher than those of other desert crusts and soils. N 2 O was emitted from soils of the Sonoran Desert at fluxes ranging from 0.4 to 1.88 mmol N 2 O-N m À 2 h À 1 (Guilbault and Mathias, 1998) and in Great Basin soils at a rate of 0.005 mmol N 2 O-N m À 2 h À 1 (Mummey et al., 1994) ; however, it was unclear if these soils contained crusts. Field measurements of gaseous losses in wetted crusts from Utah revealed N 2 O emission at a rate of 1.82-3.57 mmol N 2 O-N m À 2 h À 1 (Belnap, 2001) .
Denitrifying bacteria
The detection of functional genes by qPCR, RT-qPCR and pyrosequencing indicates that denitrifying bacteria are present in both the crusts, thus supporting the observed denitrification activity. Despite the seemingly higher gene abundance of narG, napA and nirS in the lichen crust, the expression of narG was considerably higher in the cyanobacterial crust, which also showed a more steady increase in nirS expression during the 8-h incubation. These might be the result of a somewhat higher NO 3 À content in the cyanobacterial crust that likely has enhanced denitrification activity (by 410-fold) relative to the lichen crust. These gene expression patterns are consistent with the greater denitrification rates measured in cyanobacterial crust compared with the lichen crust. Although the possibility of residual mRNA in dry crusts cannot be fully eliminated especially in view of the detection of narG and nirS transcription after merely 5 min of wetting, the fact that narG and nirS transcripts increased substantially in both the crusts (except for nirS mRNA in lichen crust) with time indicates active gene expression during the incubation periods. The strong and rapid expression of narG and nirS genes corroborates the activities of denitrification at least in the first two steps: nitrate reduction to nitrite and then to nitric oxide. Nitrite may also be reduced by other microorganisms using the copper-containing nitrite reductase (nirK), as nirS and nirK have never been found in the same cell (Zumft, 1997) . Despite the attempts made to amplify and sequence nirK via TEFAP, the obtained nirK sequences unfortunately had to be excluded from further analysis because of their low quality. Nevertheless, it should also be noted that nirK has also been found in archaeal and bacterial ammonia oxidizers, as well as an anammox bacterium, as such it is not an ideal biomarker gene for denitrifiers (Cantera and Stein, 2007; Bartossek et al., 2010; Hira et al., 2012) .
Complete denitrification through the conversion of N 2 O to N 2 in the crusts from Oman was confirmed by the detection of nosZ genes. All these nosZ sequences did not branch with known denitrifying bacteria and only had o65% similarity to the closest relatives, indicating their novelty. Similarly, most of the nirS sequences (99%) retrieved from the cyanobacterial crust and to a lesser extent (4.5%) from the lichen crust were related to uncultured denitrifying bacteria, thus indicating unique, yet to be cultivated, nitrite reducing/denitrifying communities within these crusts. On the other hand, the majority of nirS sequences in the lichen crust were most closely affiliated to the well-known denitrifiers P. denitrificans and Azospirillum, of the Alphaproteobacteria group. The latter, in particular, have previously been detected in the same crusts via pyrosequencing analysis of the 16S rRNA gene (Abed et al., 2010) . P. denitrificans is mainly found in soils and sewage treatment plants and is nutritionally versatile with a heterotrophic growth mode under aerobic conditions with oxygen and under anaerobic conditions with nitrate as an electron acceptor (Baker et al., 1998 ). An interesting feature of this organism is its ability to perform denitrification, even in the presence of oxygen (Davies et al., 1989) . This makes this organism suitable to survive in compact crusts in which it has to cope with fluctuating conditions of high oxygen concentration due to cyanobacterial photosynthesis during the day and anoxia in the dark.
Environmental implications
Due to the large global expanse of arid deserts (30-40% of the Earth's surface), and the Arabian Desert in particular, our findings may have significant environmental implications. Our rate measurements indicate that desert crusts produce and emit N 2 O gas immediately after wetting and thereby might contribute to the greenhouse effect, the destruction of the protecting ozone layer in the stratosphere and rainfall acidity (Dickinson and Cicerone, 1986; Cicerone, 1987) . However, the magnitude of these effects can only be judged after obtaining information on the coverage of crusts, the frequency of precipitation events and how long the crusts retain their moisture and the rates of denitrification and nitrous oxide emission under field conditions. It can further be speculated that the high loss of fixed nitrogen through denitrification relative to nitrogen inputs in the Arabian Desert may significantly exacerbate the fertility of the desert soil. This nitrogen cycling pattern in the Arabian Desert poses a serious threat to desert life, and nitrogen losses may even increase with the observed changes in temperature and precipitation patterns due to global climate changes (McCalley and Sparks, 2009 ).
